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Edited by Jesus AvilaAbstract Wishful thinking (Wit) is a Drosophila transforming
growth factor-b (TGFb) superfamily type II receptor most re-
lated to the mammalian bone morphogenetic protein (BMP) type
II receptor, BMPRII. To better understand its function, we
undertook a biochemical approach to establish the ligand binding
repertoire and downstream signaling pathway. We observed that
BMP4 and BMP7, bound to receptor complexes comprised of
Wit and the type I receptor thickveins and saxophone to activate
a BMP-like signaling pathway. Further we demonstrated that
both myoglianin and its most closely related mammalian ligand,
myostatin, interacted with a Wit and Baboon (Babo) type II–
type I receptor complex to activate TGFb/activin-like signaling
pathways. These results thereby demonstrate that Wit binds mul-
tiple ligands to activate both BMP and TGFb-like signaling
pathways. Given that myoglianin is expressed in muscle and
glial-derived cells, these results also suggest that Wit may medi-
ate myoglianin-dependent signals in the nervous system.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The formation of synapses or synaptogenesis requires bidi-
rectional communication between a neuron and its postsynap-
tic target and completes the hard wiring of the nervous system
[1–3]. Genetic studies have shown that the Drosophila trans-
forming growth factor-b (TGFb) family type II receptor,
Wishful thinking (Wit) mediates such signaling to regulate
neuromuscular junction (NMJ) synapse development [3–11].
TGFb superfamily ligands are generally classiﬁed as TGFb/
activin- and bone morphogenetic proteins (BMPs)-like, both of
which bind to heteromeric complexes of type I and type II ser-
ine/threonine kinase receptors. Phosphorylation of the type I
receptor by the type II initiates signaling by phosphorylation of
the intracellular substrates, Smads [12,13].While phosphorylation
of receptor-regulated Smad (R-Smad) 1, 5 and 8 leads to BMP-
like signaling, Smad2 and 3 mediate TGFb/activin signaling. All
activated R-Smads then associate with a common Smad, Smad4*Corresponding author. Fax: +1 416 978 8548.
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variety of DNA-binding partners to regulate gene expression.
In Drosophila, Decapentaplegic (Dpp), a functional ortholog
of the vertebrate TGFb family ligand BMP 2/4 as well as Screw
(Scw) and Glass bottom boat (Gbb), that are most closely
related to BMP 5/6/7, have been shown to signal through
common BMP receptors, the type II receptor, Punt and the type
I receptors, thickveins (Tkv) and saxophone (Sax) [14–16].
DownstreamBMP signaling is then propagated by theDrosoph-
ilaR-Smad homolog,MADand the Smad4 related protein,Me-
dea, whereas an inhibitory Smad,Dad antagonizes the pathway.
ADrosophila activin type I receptor, Baboon (Babo) also coop-
erates with Punt to mediate TGFb/activin-like signaling via the
Drosophila R-Smad, dSmad2 and Medea [17,18]. Additional
Drosophila TGFb family ligands have been described including
dactivin and myoglianin that are most similar to mammalian
activinbB and myostatin, respectively, as well as maverick and
activin-like protein 23B that are phylogenetically equidistant
from both the BMP and TGFb/activin subgroups [19,20].
TGFb signaling regulates many aspects of Drosophila neural
development [3,6,7,11,21]. For example, BMP signaling deﬁnes
the border of the neurogenic region and promotes neuronal
formation within the peripheral nervous systems (PNS). In
the CNS, signaling mediated by Wit is required for NMJ syn-
apse maturation. Ablation of Wit leads to defective NMJ syn-
apses and inhibits the production of a neuropeptide,
FMRFamide (FMFRa) [7,11]. In contrast, hyperactivation
of Wit in the absence of highwire (Hiw), an E3 ubiquitin ligase
that negatively regulates signaling, leads to synaptic expansion
[5]. Loss-of-function analysis has indicated that Tkv and Sax
are the signaling partners for Wit while Gbb is a ligand
[3,22,23]. In addition, Babo and dSmad2 were shown to medi-
ate dactivin-induced signaling essential for the remodeling of
mushroom body neurons in Drosophila larvae where Punt
and Wit also function redundantly [24]. Despite the impor-
tance of Wit-mediated signaling in neural development, other
than Gbb, the repertoire of Wit ligands is unknown, thus we
have examined the ligand binding properties of Wit and the
downstream pathways.2. Materials and methods
2.1. Construction of expression vectors
The construction of both wild type and activated forms of Babo-
HA, Tkv-HA, Sax-HA and Punt-His in pCMV5 has been described
previously [17]. Wit and WitDC expression constructs were eitherblished by Elsevier B.V. All rights reserved.
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plates provided by M.B. OConnor. For the chimeric construct of
mammalian myoglianin, the mature ligand region of myoglianin and
an HA tag at the carboxyl-terminus were ampliﬁed by PCR using
cDNA obtained from M.B. OConnor and then subcloned into a
pCMV5 vector containing the activin pro-region.
2.2. Aﬃnity-labeling
Receptor constructs were transiently transfected into COS-1 cells
by the DEAE-dextran method. BMP4, myostatin (Wyeth-Ayerst
Research), BMP7 (Creative Biomolecules) and activin (R&D systems)
were labeled with [125I] as described previously [25]. After aﬃnity-label-
ing with 2 nM [125I]-BMP7, [125I]-BMP4, [125I]-myostatin or 500 pM
[125I]-activin for 4 h at 4 C, receptors were cross-linked to the ligand
with disuccinimidyl suberate (Pierce), and then solubilized in lysis buﬀer
[25]. Total lysates or lysates that were subjected to immunoprecipitation
with anti-Flag (Sigma) or anti-HA antibodies (12CA5) were separated
by SDS–PAGE, and [125I]-ligand bound receptors or receptor com-
plexes were visualized by autoradiography or phosphorimaging.
2.3. Myoglianin ligand production and binding assay
293T cells were transfected with the activin-myoglianin construct by
the calcium phosphate-precipitation method, then washed and incu-
bated in 0.2% serum growth medium for two days prior to collection
of secreted myoglianin. For binding assays, COS-1 cells were transfec-
ted with His-tagged receptors by DEAE-dextran method and incu-
bated with the harvested ligand for 1 h at 37 C. Cells were lysed
and receptors were collected using Ni2+-beads. Ligand-bound receptor
complexes were detected by immunoblotting using anti-HA monoclo-
nal antibody followed by chemiluminescence (ECL Kit, Amersham).
2.4. Smad phosphorylation
COS-1 cells were transiently transfected with either Flag-tagged
MAD or Myc-tagged dSmad2 with or without receptors by the
DEAE-dextran method. Cells lysates were harvested as described pre-
viously followed by immunoprecipitation using either the anti-Flag
(M2, Sigma) or anti-Myc (9E10) antibody. Proteins were then sepa-
rated by SDS–PAGE and immunoblotted with either anti-phospho-
Smad1 (Upstate) or anti-phospho-Smad2 antibody (Upstate).
2.5. Transcriptional activation
RIB L17 and HepG2 cells were transiently transfected by the
DEAE-dextran method and calcium phosphate-precipitation method,
respectively. The 3TP-Lux construct was described previously [25].
Cells were washed and then incubated with myostatin for 18 h. Cell
lysates were harvested and luciferase activity was normalized to
b-galactosidase activity.Fig. 1. Wit binds BMP7 and forms a BMP7-dependent heteromeric
complex with type I receptors, Tkv or Sax. (A, B) COS-1 cells,
transfected with the indicated receptors, were aﬃnity-labeled with
[125I]-BMP7. Cell lysates were subjected to SDS–PAGE and receptor
complexes were visualized by autoradiography (middle panels) or
subjected to anti-Flag immunoprecipitation to detect receptor com-
plexes (top panels). Total protein expression was conﬁrmed by
immunoblotting using the indicated antibodies (bottom panels).3. Results
3.1. Wit and BMP type I receptors form heteromeric complexes
that bind BMP ligands and induce phosphorylation of MAD
To better understand the biological function of Wit, a Dro-
sophila type II receptor most similar to mammalian BMPRII,
we ﬁrst examined its capacity to bind BMP-like ligands.
BMP2/4 and BMP7 are the mammalian homologs of Drosoph-
ila Dpp and Gbb and can functionally substitute for their Dro-
sophila counterparts [15–17]. Since puriﬁed Drosophila ligands
are presently not available, we iodinated mammalian ligands
instead. To examine the binding of [125I]-BMP7 to Wit,
COS-1 cells were transfected with Flag-tagged Wit in the pres-
ence or absence of HA-tagged versions of the Drosophila type I
receptors, Tkv, Sax and Babo. As expected, the BMPRII and
ALK2 positive control yielded [125I]-BMP7-labeled products
of 90 and 70 kDa corresponding to the BMPRII and ALK2
receptor, respectively (Fig. 1). In cells expressing Wit alone,
a 110–115 kDa band corresponding to [125I]-BMP7 bound
Wit as conﬁrmed by anti-Flag immunoprecipitation of total ly-sates, was observed (Fig. 1, lane 2). Furthermore, co-expres-
sion of Wit with either Tkv or Sax but not Babo or the type
I receptors alone, yielded additional labeled complexes at 80–
85 KDa and 75 KDa (Fig. 1, right panel). Thus, BMP7 binds
Wit alone as well as to receptor complexes comprised of Wit
and Tkv or Wit and Sax.
Next, we examined the binding of the Dpp homolog, BMP4,
to Wit and BMP type I receptors. Unlike BMP7, signiﬁcant
binding of [125I]-BMP4 to Wit was not detected when the
receptor was expressed alone whereas binding to the individu-
ally expressed type I receptors Tkv and Sax was observed as
previously reported [26,27] (Fig. 2, middle panel). However,
co-expression of Wit with either Tkv or Sax but not Babo
revealed an additional BMP4-bound protein indicating forma-
tion of receptor complexes comprised of Wit and Tkv or Wit
and Sax.
To verify that Wit and BMP type I receptor complexes
can transduce BMP-like signals, we analyzed the activation
of the BMP-speciﬁc Drosophila R-Smad, MAD in COS-1 cells.
Fig. 2. Wit binds BMP4 in the presence of type I receptors, Tkv or
Sax. COS-1 cells transfected with the indicated receptors were aﬃnity-
labeled with [125I]-BMP4. Receptor complexes were visualized as
described in Fig. 1 or by anti-Flag or anti-HA immunoprecipitation as
indicated (top panels). Receptor expression was veriﬁed by immuno-
blotting of cell lysates with the indicated antibodies (bottom panels).
Fig. 3. Co-expression of Wit and Tkv induces phosphorylation of
MAD. COS-1 cells were transfected with Flag-tagged constructs of
MAD alone or together with Wit and Tkv. Cell lysates were subjected
to anti-Flag immunoprecipitation and phosphorylation of MAD was
detected using Phospho-Smad1 antibody. Total protein expression was
conﬁrmed by immunoblotting.
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Flag-tagged MAD in the presence or absence of Wit and/or
Tkv were immunoblotted with an anti-phospho-Smad1 anti-
body that also recognizes the phosphorylated form of MAD.
We observed that co-expression of both Wit and Tkv yielded
an increase in MAD phosphorylation compared to expression
of Wit alone (Fig. 3). These biochemical analyses are consis-
tent with genetic studies demonstrating that Wit is required
for Mad phosphorylation in the CNS of the Drosophila em-
bryo [7,11].
3.2. A Wit and Babo receptor complex binds both myostatin and
Drosophila Myoglianin but not activin
We next examined the ability of Wit to bind TGFb/activin-
like ligands. Wit has been proposed to mediate dactivin signal-
ing for neural remodeling [18,20]. As dactivin is most closely
related to mammalian activin, we ﬁrst tested its ability to bind
to Wit [15]. While we found that [125I]-activin bound the posi-
tive control His-tagged type II receptor Punt when expressed
alone or together with Babo as previously described [28],
expression of Wit alone or together with each of the Drosophila
type I receptors did not result in any [125I]-activin-labeled
products (Fig. 4). Thus, mammalian activin does not appear
to bind to Wit.Myostatin binds to TGFb family receptors to activate
TGFb/activin-like signaling, thus we next addressed whether
myoglianin, a Drosophila protein most closely related to
mammalian myostatin, is a Wit ligand [19,25]. We ﬁrst exam-
ined binding of the readily available myostatin to receptors
by aﬃnity-labeling of COS-1 cells transfected with Wit in
the presence or absence of Babo. In addition to our positive
control, ActRIIB and ALK4, we detected a low level of
[125I]-myostatin binding to Wit when the receptor was ex-
pressed alone (Fig. 5). Further, [125I]-myostatin binding to
Wit and Babo receptor complexes (Fig. 5) but not Wit and
Tkv or Wit and Sax complexes (data not shown) was ob-
served. Thus, myostatin binds to a Wit and Babo receptor
complex.
Whether myostatin and myoglianin are functionally equiv-
alent has not been examined, thus we next tested the binding
of myoglianin to Wit. To obtain myoglianin ligand, we cre-
ated an expression construct comprised of the mammalian
activin pro-region fused to a carboxyl-terminal HA-tagged
myoglianin mature region and collected conditioned media
from 293T cells transfected with the chimeric construct
(Fig. 6A and B). After verifying ligand production
(Fig. 6A), COS-1 cells were transfected with His-tagged Wit
and Babo then incubated with myoglianin prior to Ni-NTA
bead pull-down and anti-HA immunoblotting. To increase
assay sensitivity, a truncated version of Wit (WitDC) lacking
the carboxyl-terminal tail (amino acid 564–892) that expresses
more eﬃciently was used. We observed that myoglianin
bound to Wit and Babo when they were coexpressed but
not when either receptor was expressed alone (Fig. 6B). Sim-
ilar results were obtained using a His-tagged full-length Wit
(data not shown).
Fig. 4. Wit is not a receptor for mammalian activin. COS-1 cells
transfected with the indicated receptors were aﬃnity labeled with
[125I]-activin. Cell lysates were subjected to SDS–PAGE and autora-
diography to visualize receptor complexes. Receptor expression was
conﬁrmed by immunoblotting of total cell lysates.
Fig. 5. Wit binds myostatin in the presence of type I receptor Babo.
COS-1 cells transfected with the indicated receptors were aﬃnity-
labeled with [125I]-myostatin. Cell lysates were subjected to anti-Flag
or anti-HA immunoprecipitation and receptor complexes visualized by
autoradiography. Receptor expression was conﬁrmed by immunoblot-
ting of total cell lysates.
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of dSmad2
To support the notion that the Wit and Babo receptor com-
plex can activate activin-like signaling pathways, we next
examined the phosphorylation of activin-speciﬁc R-Smad,
dSmad2 by the receptor complex using an anti-phospho-
Smad2 antibody. To conﬁrm antibody speciﬁcity, we veriﬁed
dSmad2 phosphorylation in cells expressing an activated Babo
but not wild-type Babo or any version of Tkv or Sax (Fig. 7A).
We next transfected cells with dSmad2 alone or together with
Wit and wild-type Babo and observed prominent dSmad2
phosphorylation when Wit and Babo were co-expressed com-
pared to cells expressing Wit alone (Fig. 7B).
3.4. Myostatin transduces activin downstream signaling through
Wit
To verify that binding of myostatin to Wit activates down-
stream signaling, we next examined myostatin-dependent acti-
vation of the 3TP-Lux reporter in HepG2 cells. Expression of
Wit enhanced myostatin-induced reporter activation. We pos-
tulate this eﬀect was facilitated by endogenous mammalian
type I receptors that form active signaling complexes with
Wit (Fig. 8A). To determine which Drosophila type I receptors
collaborate with Wit for myostatin-induced signaling, a myost-
atin insensitive cell line RIB L17, lacking appropriate type I
receptors, was used [25]. As expected, expression of Wit
did not restore myostatin responsiveness whereas expression
of Babo but not Tkv or Sax restored myostatin-induced3TP-lux activation and this was further enhanced by coexpres-
sion of Wit (Fig. 8B). These results indicate that Wit and Babo
can mediate myostatin-dependent activation of a TGFb/acti-
vin-like signaling pathway.4. Discussion
To provide insight into the molecular mechanisms of Wit
that contribute to the biological functions of Wit, we have
characterized the Wit interacting ligands, their compatible type
I receptor partners, and their downstream signaling pathways.
The binding of BMP7, the mammalian ligand most related to
Gbb, to Wit is in agreement with and gives biochemical evi-
dence for results obtained from genetic analysis indicating that
Wit mediates Gbb-activated BMP signaling in collaboration
with the type I receptors, Tkv and Sax [6,22,29]. Our demon-
stration of the binding of BMP4, a functional ortholog of
Dpp, to the receptor complex also suggests the possibility of
Wit mediating Dpp signals. Dpp is not expressed in muscle
or motoneurons but Wit is widely expressed in the central ner-
vous system from embryonic stages suggesting that this puta-
tive Dpp signaling might regulate early developmental
processes other than NMJ formation [9,14]. Our data showing
that a receptor complex comprised of Wit and Tkv can activate
MAD phosphorylation is also in agreement with the observa-
tion of impaired phosphorylation of MAD in Wit deﬁcient ﬂies
and provides further support for a role of Wit in mediating
BMP signaling.
While the expression of dactivin in the developing nervous
system and its proposed function in neuronal remodeling
Fig. 6. Myoglianin produced in mammalian cells binds to a receptor complex of Wit and Babo. (A) Schematic representation of the precursor form
of chimeric myoglianin. Cleavage at a tetrabasic site yields mature, active ligand (Myo). Supernatants of 293T cells transiently transfected with the
chimeric construct by anti-HA immunoprecipitation were immunoblotted to conﬁrm ligand production. (B) To examine the binding of myoglianin to
Wit, supernatants collected from transfected 293T cells were added to COS-1 cells expressing His-tagged receptors (top panel). COS-1 cells
transciently transfected with the indicated receptors were incubated with myoglianin-HA, lysed, collected using Ni2+-NTA resin and associated
myoglianin was visualized by anti-HA immunoblotting.
Fig. 7. Coexpression of Wit and Babo induces dSmad2 phsophorylation. Cell lysates of COS-1 cells transfected with Myc-tagged dSmad2 and the
indicated wild type (wt) or constitutively active (act) HA-tagged type I receptors (A) or together with Flag-tagged Wit (B) were subjected to
immunoprecipitation with anti-Myc antibody. The phosphorylated form of dSmad2 was detected using Phospho-Smad2 speciﬁc antibody. Protein
expression in total lysates was conﬁrmed by immunoblotting.
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tivin might induce Wit-mediated activin signaling [15,20], we
observed that mammalian activin, which is most closely related
to dactivin, does not bind to Wit. One possible explanation for
this discrepancy is that Wit might bind ligands other than
dactivin and that this indirectly compensates for the lack of
Punt-dactivin interaction. Our attempt to produce dactivin inmammalian cells using a heterologous system was unsuccessful,
thus we cannot eliminate the possibility that mammalian and
Drosophila activins have diﬀerent binding speciﬁcities. Genera-
tion of dactivin null ﬂies or cell clones and testing for functional
equivalence in rescue experiments should help resolve this issue.
Alternatively, we speculated that Wit might mediate activin
signaling via Myoglianin since myostatin, the mammalian
Fig. 8. Myostatin-dependent activation of the 3TP-Lux reporter is
mediated through Wit and Babo receptors. HepG2 (A) or RIBL17
cells (B) were transiently transfected with p3TP-Lux and luciferase
activity in lysates from cells incubated with or without myostatin was
determined. Cells were transfected with p3TP-Lux and the indicated
receptors. Luciferase activity was normalized to b-galactosidase
activity and is expressed as the mean + S.D. of triplicate points.
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activin-like pathway. Accordingly, we found that both myo-
glianin and myostatin bind to the Wit and Babo receptor
complex. Furthermore, we observed that coexpression of
Wit and Babo induces dSmad2 phosphorylation and mediates
myostatin-induced transcriptional activation of a TGFb/acti-
vin-responsive reporter. In agreement to our observations,
ectopic expression of Wit induces dSmad2 phosphorylation
in insect S2 cells [20]. Retrograde signaling between target-de-
rived factors and the presynaptic terminal is crucial for NMJ
development. Since Drosophila myoglianin is abundantly
expressed in muscle at late developmental stages and since
Wit-mediated retrograde signaling had been identiﬁed previ-
ously, we postulate that myoglianin might activate a novel
retrograde Wit signaling pathway [3,6,19,23,29]. Interestingly,
myostatin inhibits the BMP7 signaling response by competi-
tive binding to type II receptor, ActRIIB, thus the binding
of myoglianin to Wit might also aﬀect Gbb-mediated signal-
ing and thus contribute to NMJ formation [25]. Generation
of ﬂies harboring myoglianin loss-of-function mutations will
shed light on these issues. These observations underscore
the diverse mechanisms controlling Wit signaling and add
impetus to further experiments in the context of the Wit
receptor.
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